Abstract: Bidirectional frequency tuning in microresonators is demonstrated through the simultaneous use of both mechanical (stretching) and magnetomotive approaches. Stretching is employed to increase the resonance frequency, while the magnetomotive method provides actuation and spring softening. The fabrication process is presented for a double-clamped micromechanical nickel resonator. Lorentz Force is used for excitation and flexural deformation of the resonator. A substrate bending method is utilized to introduce uniaxial tension in the resonator. As a result of flexural deformation, up to 13% decrease in the resonance frequency is achieved. An 8% increase in the resonance frequency is obtained by the stretching method. The presented study is the first demonstration of the combination of the aforementioned techniques for the bidirectional and wide-range frequency tuning up to 200 kHz.
Introduction
Micro and Nano scale size enable mechanical resonators to have high resonance frequency and require low operation power which makes them very suitable for detection, sensing and Radio Frequency (RF) applications. Sensitivity and operation limits of such devices are decided by their resonance frequencies. However, there are many factors that determine the resonance frequency such as geometry, material properties, and other environmental factors, which makes it arduous to obtain the required stability, accuracy and operation range. The requirement of controllable sensitivity, and stability makes frequency tuning crucial for the mechanical resonator. For instance, electrostatic system is used to tune the frequency range of the vibration detection system from 1 to 10 kHz [1] . Several tuning studies reported a usage of tension-based tuning mechanism to increase the resonance frequency and as well as the Quality factor (Q factor) [2, 3] . In addition, numerous studies employed thermal methods to manipulate the resonance frequency through thermal strain that is generated by expansion or shrinkage of mechanical resonator [4] . On the other hand, magnetomotive mechanism is generally used for actuation purposes while the frequency tuning is realized by other mechanisms. For example, magnetomotive actuation was merged with capacitive tuning for nanomechanical resonator with capability of Q factor tuning [5] . The electromagnetic force is utilized for resonance frequency tuning through a constant force acts on the resonator and deforms it [6] . Available techniques introduce frequency shift in one direction. Furthermore, some of the reported studies require an additional excitation mechanism further increasing the complexity of the system and fabrication method. In contrast, this study presents the use of two simple mechanisms for the actuation and bidirectional tuning of the resonance frequency.
Materials and Methods
Fabrication of micromechanical resonator ( MR) initiates with silicon dioxide (SiO2) coating with PECVD process on a 4′′-diameter silicon wafer (Figure 1a ). The process is followed by sputter coating of chromium (Cr) and gold (Au) layers with a thickness of 20-nm and 120-nm, respectively (Figure 1b) . Photoresist (AZ5214) is deposited with spin coating and mold-patterned with photolithography (Figure 1c) . Nickel (Ni), with 4.6-μm-thickness, is deposited into the mold-pattern with electroplating process (Figure 1d ). Photoresist removal (Figure 1e ) and Au-Cr etching form the Ni MR (Figure 1f) , which is released via SiO2 etching (Figure 1g ). Suspended MR has 160 μm length, 5 μm width and 4.6 μm thickness (Figure 2 ). The bidirectional tuning mechanism and measurement setup are depicted in Figure 3 . Figure 3a shows, a clamped-clamped beam, a flexural resonating element, is placed between two permanent magnets which produce a uniform magnetic field. An electrical current with AC and DC components, is led through the MR in uniform magnetic field. The current passing through the MR generates a Lorentz force in uniform magnetic field. The AC element of this current excites MR through a varying Lorentz force while the DC component exerts a constant force on the MR and give an initial deformation to the beam. An increase in the DC current relatively increases the applied constant force and bending deformation of the resonator which soften the stiffness of MR thus decreases the resonance frequency. Figure 3b demonstrates the substrate bending method that is employed for realization of the tension-based tuning mechanism. The die contains MR placed in a holder and a screw is guided through beneath of the holder. The turning of a screw bends the chip, hence induce a tensile stress on the MR in controlled fashion.
The induced stress hardens the stiffness of MR and cause an increase in its resonance frequency. All the changes occur on the MR is captured through variation of its resonance frequency and the resonance peak of the electromechanical transfer function is characterized by the LDV. Figure 4 shows the resulting change of the resonance frequency as a function of DC current. Figure 4a depicts a decrease in the resonance frequency from 789 kHz to 683 kHz corresponding to a range of 13% for the stress-free case. Figure 4b demonstrates a maximum of 12% reduction in the resonance frequency for a 76-MPa axial tensile stress and a frequency modulation between 854 kHz and 751 kHz. The reduction in the resonance frequency can be traced back to the MR deformation under a constant electromagnetic force provided by the DC current. The simultaneous use of both tuning mechanisms provides a 200-kHz tuning range, from 854 kHz to 683 kHz. In comparison with previous studies providing frequency tuning in one direction only, the proposed method represents an improvement for bidirectional tuning with a higher tuning range. 
Results and Discussion

